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Silicon-on-Sapphire 


Abstract 


The  early  sixties  were  at  the  beginning  of  the  electronics  revolution  where  silicon 
integrated  circuits  built  their  current  dominance,  fundamentally  and  pervasively  on  tailor- 
made  materials,  starting  at  the  atomic  level.  Thin-film  deposition  techniques,  particularly 
chemical  vapor  deposition  (CVD)  and  molecular-beam  epitaxy  (MBE)  were  developed  to 
provide  control  over  material  constituents  “in  atomic  amounts”,  in  order  to  form  the 
active  part  of  high-performance  devices.  Nonetheless,  the  CVD  techniques  failed  to 
provide  a  crystalline  silicon  structure  amenable  to  advanced  devices  on  insulating 
substrates,  particularly  sapphire. 

In  this  presentation,  the  major  issues,  which  confronted  the  formation  of  very  thin  layers 
of  silicon  (30-100  nm)  on  sapphire  substrates  for  application  to  sub  100-nm  device 
technology,  will  be  reviewed.  The  focus  of  the  investigation  was,  and  still  is,  to  achieve  a 
structure  in  which  the  modem  CMOS  technology,  the  mainstay  technology  and 
workhorse  of  the  electronic  revolution,  can  be  affordably  implemented.  In  this  context, 
one  approach  to  the  obtention  of  crystalline,  device-quality  thin  film  silicon-on-sapphire 
(TFSOS),  namely  the  double  Solid  Phase  Epitaxy  (DSPE),  has  achieved  truly  outstanding 
results  which  are  presently  incorporated  into  high-performance  products,  such  as  phase- 
locked  loop  (PEL)  ICs  for  wireless  communication,  and  analog-to-digital  converters  for 
space  application. 

Besides  the  materials  properties,  devices’  performances  (f  >100GHz)  and  circuits’ 
applications  (analog  and  mixed  signals),  present  investigations  aimed  at  producing 
stressed  layers  of  Sii-x  Gcx  (x>0.75)  grown  on  TFSOS  will  also  be  described.  Based  on 
the  present  results,  TFSOS  could  become  entrenched,  as  CMOS,  as  new  materials  and 
devices  appear  —  witness  the  recent  success  in  developing  highly-engineered  stmctxues 
with  SiGe  on  TFSOS  (hole  mobility,  through  Hall  measurements,  is  in  excess  of 
SOOcm^A^.sec)  —  using  the  established  industrial  infrastmcture. 


Isaac  Lagnado 

SPAWAR  Systems  Center  San  Diego 
D805 

San  Diego,  CA  92152 
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university  or  Florida,  Gainesville 
Peregrine  Semiconductor  Corporation 
Northup  Grumman 

Rockwell  International  (Science  Center) 


Conventional  Microelectronics 

A  Historical  Perspective 

Bulk  Silicon  Silicon  on  Sapphire  (SOS) 
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H.M.  Manasevit  &  W.S.  Simpton.  JAP,  35,  pg  1349,  1964. 


Thin  Film  Silicon  on  Sapphire 
TEM  Images:  Before  &  After 


-2.0  -3.0  -4.0 

GATE  VOLTAGE  (volts) 


ULTRATHIN  SOS 

Improvement  and  Thinning  Sequence 


3)  Two-Step  Anneal  Crystal  Silicon  Film  Under 

a)  550  °C  SPE  Regrowth  Compressive  Strain 

b)  900  °C  Defect  Removal 

S.S.  Lau  et  al,  APL,  34(1),  p.  76-78,  1  Jan.  1979. 

T.  Yoshii  et  al,  JJAP,  Part  1,  21(suppl.21-l),  p.175-179,  1982. 


0.90  1.00  1.10  1.20  1.30 

ENERGY  (MeV) 

G.A.  Garcia,  R.E.  Reedy.  Electronics  Let,  22(10),  p.  537-538,  8  May  1986. 
R.E.  Reedy,  G.A.  Garcia.  MRS  Symposium Proc.  107,  p.  365-376,  1988. 


Auger  Analysis,  TFSOS 


DISTANCE  FROM  INTERFACE  (microns) 

R.E.  Reedy,  T.W.  Sigmon,  L.A.  C\msXQ\,  APL,  42(8),  p.  707-709,  15  April  1983 


Thin  Film  CMOS/SOS  V5.  Other  Silicon 

Implementations 
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Thermal  Effects 

Thin  Film  Silicon  on  Sapphire  vs.  SIMOX 


MIT  data; 

Courtesy  Prof.  D.  Antoniadis 


Radiation  data  for  TFSOS  MOSFETs 


(sp|)6oj 


(spi)60| 


n-MOSFET  p-MOSFET 


Thin  Film  Silicon  on  Sapphire 


R.Johnson  etal.  TED,  45(5),  May  1998. 


Technology 
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TFSOS: 

NMOS[9] 

PMOS[9] 

other  Si: 
NMOS  [1] 
PMOS  [1] 
NMOS  [2] 
NMOS  [3] 

Other: 

HBT  [4] 

HBT  [5] 
PHEMT  [6] 
JFET  [7] 
MESFET  [8] 

1.  EDL,  May  1993,  pg.  219,  Hanes  etal.  6.  EDL,  Aug  1983,  pg.  406,  M.  Takikawa  etal. 

2.  MTT-S  Workshop,  May  1995,  Agarwal  etal.  7.  EDL,  Sept.  1993,  D.  Scherrer  etal. 

3.  EDL,  Jan  1991,  pg.  26,  Caviglia,  etal.  8.  TED,  Feb  1999,  pg.  310,  Kimo  etal. 

4.  MTTS,  1994  pg  1167,  H.  Schumacher,  etal.  9.  TED,  May  1998,  pg.  1047-54,  R. Johnson  etal. 

5.  EDL,  Oct  1989,  Y.K.  Chen  etal. 
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Thin  Film  Silicon  on  Sapphire 
Wireless  Communications  Applications 
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Why  CMOS/SOS  at 
Microwave/RF  Frequencies 
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•  ft  >  100  GHz  (Lgff  ~  .1  jjm)  (x-ray) 

•  Very  high  linearity  at  low  power  (good  IPS) 

•  Excellent  ESD  protection  with  low  parasitics 

SIGe/SOS,  m^^  >  800  cmW.sec  (pMODFET,  Lg  =  0.1  fjm,  g^  =  420  mS/mm) 
“>  much  higher  speed  CMOS  with  lower  power 


Why  CMOS/SOS  at 
Microwave/RF  Frequencies 
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*  Very  high  linearity  at  iow  power  (good  IPS) 

*  Excellent  ESD  protection  with  low  parasitics 

SiGe/SOS,  /Hh  >  800  cmW.sec  (pMODFET,  Lg  =  0.1  fjm,  fabricated;  to  be  published) 
-->  much  higher  speed  CMOS  with  lower  power 


Circuit  Level  SOS  rf  Results 
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13-GHz  Tuned  Amplifier 
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SOS  Samples  Have  Significantly  Better  Characteristics  than  SOI  and  Bulk 
Samples. 

K.K.  O  et  al.  GOMAC,  March  1998. 

Yo-Chuol  Ho,  et  al.  Custom  Integrated  Circuits  Conference,  April  1998. 

K.-H.  Kim  et  al.  ISSCC,  Feb.  1998. 


Noise  Figure  (dB) 


Frequency  (GHz) 


Photograph  of  Amplifier  Power  measurements  at  1,  2,  5,  &  10  GHz 
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Thin-film  Silicon-on-Sapphire 
Characteristics 


a 

o 

o 

c 

(0 

E 

0) 

I-  a 

S  <D 

S  ^ 

O  (0 
Q.  ±; 

^  o 
>  > 
-2  O 
13  "o 

^  sj 

O 


$ 


Q.  a, 

M 

®  A 

D)  ■ 

E  c 

A  -2 

■  (0 

O  o 
O  Q. 

s  "O  ^ 

S  o  iS 

wax 
o  0  .B- 
"o  n 
0  ^  ■ 

ll 

-J  u-  ^ 


0 

E 


I  si.  8 


o 


0 


0 

O 


•D 

0 

0) 

0 

0 

Q. 

a 

3 

(f> 

iS 

o 


0 

O) 

0 


X 

O 

a  t*- 

0  c 

3  U) 

■O  0 

flj 

6i  "o 

0 

3  ti 
Si  0 

c 

0  ^ 

;E  ^ 

**  C 
>> 

£ 

0  (0 
O 


0 

c 

£ 

0 

O 

I 

a 

o 

c 


o 

> 

c 

o 

■D 

0 

0 


0  C 

x:  0 

.5^  0 

£  > 


0 

< 

0 

O 


0 


w 

’5) 

£ 


0 


A 

I 

I 


^  a-Q 


o 

£ 


a 

■  HM 

n 

o 


o 

I 

(0 


p  •-  *- 

P  M  0 


0 

O 


U> 

2 

0 

CL 


0 

£ 

U> 


0 
0 

<0  2 

o  u; 

0^  > 

■D  '0 
0  0 
O  0 

|l 

p  o 

LU  O 


0 
o 

O  ^ 

o  i 
o 

S  s. 
e-t 


0 

-  i> 

0  S 
>«  ’ 

‘i  = 

fi; 

5<s 

*“  -S  ■ 

O  X 

o 

lf>  ■ 
Tf 


0  ^ 
^  p 
o  3 

Q- 0 
ft  X 

B  UJ 


N 

X 

o 


<D 

CO 


X 

(0 


•txtremely  low-loss  substrate  at  it  (loss  tangent  <  .0001) 
No  parasitic  coupiing  to  substrate  for  passive  components 
Good  thermai  conductivity 
•Higher  than  Si02 
•Comparable  to  GaAs 
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Arrows  point  to  Si/Al^Oj  interface  where  misfit  dislocations  end 


Triple-Axis  X-Ray  Diffraction  Measurements 
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SiGe  FETs  on  Silicon-on-Sapphire 

Substrates 
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Modulation-doped  p-FET  layers  on  SOS 


Sheet  Density  (cm  '“) 
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Active  device  layers  are  grown  on  top  of  a 
strain-relaxed  SiGe  buffer  layer:  total  epi 
thickness  approx.  1  micron 


Nomarski  image  of  p-MODFET 
wafer  surface 


Low  defect  density  in  SOS  substrate  required 

Wafer  bonding  methods  have  the  potential  to  produce  SOS  substrates  with 

-  zero  microtwin  defects; 

-  threading  defect  densities  reduced  by  many  orders  of  magnitude; 

-  thin  relaxed  SiGe  buffer  layers  on  sapphire  (required  for  fully  depleted  FETs) 
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FETs  and  AIGaAs/GaAs  HEMTs  (Prof.  David  Ferry,  ASU,  Seminar  UCSD,  May 
26, 1998) 

World  highest  hole  mobility  (804  cmW.sec  @300  K)  measured  on 
modulation-doped  p-FET  structure  on  TFSOS  substrate 
MOSIS  accepts  TFSOS  designs 
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TFSOS,  a  technology  to  implement  advanced  components,  such  as  A/D 
converters,  and  single  chip  wireless  communication  systems 


The  Future 
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Digital  communication 

Extended  operation  battery-powered  systems 
Other  commercial/military  systems 


